ABSTRACT In the preceding two papers (1, 2), a population balance equation (PBE) mathematical model was developed, validated, and applied to the analysis of platelet aggregation kinetics under the influence of hydrodynamic shear stress. The present work involves the application of the model to the analysis of platelet reactions under shear stress in circumstances where disaggregation processes are of dominant importance: the disaggregation of aggregates formed in response to added agonists. Aggregation-disaggregation experiments were performed in the constant shear field of a rotational viscometer, and the evolution of the particle size distribution was determined by use of an electronic particle counter. The PBE model was used to simulate the experimental results. Exploratory calculations made it possible to reduce a rather complete, complex model to a more tractable form which retains the capability of simulating the experimental observations. For the experimental conditions studied, disaggregation by a splitting mechanism was found to be of dominant importance. The surface erosion mechanism can be neglected without significant impact on results. Physical reasoning confirmed by exploratory calculations showed that a discontinuous form of the breakage rate expression which incorporates a minimum friable particle size, gives significantly better results than a continuous expression. A simple step function void fraction parameter was found to be at least as successful as a more complicated, continuous function.
INTRODUCTION
This paper is the last of a set of three on studies of platelet aggregation and disaggregation kinetics under the influence of hydrodynamic shear stress. In Part I (1), a mathematical model for analyzing platelet aggregation kinetics was developed and validated. In Part 11 (2) , platelet aggregation and related reactions were studied in the uniform, known shear stress field of a rotational viscometer. Platelet kinetics results were interpreted by means of the population balance equation (PBE) . Under the shear conditions of Part II, good agreement was obtained between experimentally observed and calculated values of the particle size distributions. This good agreement was obtained with either the reversible or the irreversible model. This finding suggests that aggregate breakage processes were of only secondary importance under the conditions studied. Therefore, studies to be described in this paper were undertaken under conditions for which it was known that aggregate breakage processes are important: the disaggregation in a shear field of platelet aggregates previously formed in response to low dosage of ADP.
The breakage of flocs or aggregates is a complicated process, and information on the breakage distribution functions was scarce until recently. Most literature covering the breakage of particles comes from the study of industrial processes such as ore comminution, powder grinding and crushing, and water treatment processes (3, 4) . In some of these studies, breakage relationships are drawn from analogies between droplet coalescence and breakage. Due to the fundamental differences between drops, flocs, and platelet aggregates, caution must be exercised in the development of kernels for breakage. The development must be guided by experimental observations.
The earliest efforts to characterize floc breakup from a microscopic viewpoint were those ofArgaman and Kaufman (5) and Parker and Kaufman (6) : two different modes of floc breakup (surface erosion and splitting mechanisms) were described. Kao and Mason (7) observed dispersion of assemblages of noncohering plastic spheres suspended in silicone oil subjected to both uniform laminar shear and extensional flow fields. They found that the measured radius of the assemblage continuously decreased with time as constituent spheres were pulled off (erosion) along the principal axes of extension. Quigley (8) performed experiments similar to those of Kao and Mason and reported that aggregates simultaneously exhibited both erosion and splitting into smaller aggregates. The importance of breakage in process applications was clearly demonstrated by experiments such as those of Andrea-Villegas and Letterman (4) . They observed the net rate of particle aggregation increased and then decreased as the rate of agitation increased in batch experiments.
Glasgow and Luecke (9) studied mechanisms of degradation for clay-polymer flocs in turbulent systems, and concluded that the breakup resulted primarily from the hydrodynamic shear stress. They suggested that flocs subjected to high energy dissipation rates tend to become more regular in conformation, proposing that appendage fracture occurs rather than the massive splitting proposed by Thomas (10) .
Following the approach taken by Valentas et al. (11) for droplet breakage, Pandya and Spielman (12, 13) applied the population balance equation to the study of Kaolin-hydrous ferric-oxide flocs (1-100 ,um in diameter) undergoing breakage in an agitated batch system. The experimentally determined size distributions were fitted to those computed from the population balance equation, using constrained nonlinear least squares. The breakage frequency g(v) was found to vary as the 0.71 power of the shear rate and the 0.33 power of the parent floc volume.
Akers et al. (14) applied a similar equation to study the floc size distribution (FSD) of aggregated latex particles subjected to a step change in turbulent energy. During exposure to turbulence, there was a broadening of the FSD and a new equilibrium was approached. For short periods of exposure to turbulent flow, the evolving shape of the FSD was determined primarily by the splitting mechanism. The FSD reached an equilibrium that did not seem to be the point of balance between aggregation and disruptive process, but was limited to a distribution at which the splitting failed to produce further fragments. Thus, the breakage rate was not determined solely by size.
Pandya and Spielman (12, 13) studied the kinetics of breakage of clay-Fe(OH)3 flocs by erosion. By assuming that the erosion process is volume-conserving, and that the particle size distribution of the eroded particles is given by a log normal distribution, they derived expressions for the instantaneous rate of change of the volume of a parent particle and for the total rate of formation of erosion fines of all sizes, per eroding particle. The gradual emergence of a peak in the small particle region of a size distribution supported the occurrence of erosion mechanism. In their studies, the erosion rate was found to be independent of shear rate. The erosion rate reported for kaolin-ferric hydroxide system is about times that reported for noncohesive spheres. This finding demonstrates that the presence of interparticle forces drastically reduced the erosion rate.
Nichols and Bosmann (15) reported disaggregation of large human platelet aggregates by the dispersal of singlets and small aggregates from the periphery of aggregates. This mechanism, however, would not account for the large volume shifts of the large aggregates that were observed. Nguyen and O'Rear (16) analyzed blood platelet aggregation and disaggregation kinetics using population balance mathematics. The approach was somewhat similar to that given here, but it was limited to aggregation processes in Brownian motion, and used a discrete (rather than continuous) form of the population balance.
EXPERIMENTAL METHODOLOGY
Many aspects of the experimental methodology are similar to those of Part II (2) . The experimental procedure consists of six steps: 1) preparation of platelet suspension, 2) aggregation of the suspension by addition of low dosages of adenosine diphosphate (ADP), 3) sampling of the aggregated specimen to yield the "initial" particle size distribution for the disaggregation process, 4) disaggregation of the specimen in the shear field of the rotational viscometer, 5) sampling of the specimen to yield the disaggregated particle size distributions, and 6) mathematical analysis of the results to determine population balance parameters for the disaggregation processes.
The cone and plate viscometer used in this work is represented schematically in Fig. 1 . The key feature of the apparatus is the optical system which permits monitoring of light transmission and light scattering. This feature makes it possible to establish values of the shear rate, ADP dosage, and the post-ADP time such that significant, but reversible, aggregation was obtained in a reproducible way. Platelet aggregation experiments were carried out at 37°C with low doses of ADP. After preincubation of PRP samples in a water bath for 5 min, 1.1 ml of sample was loaded onto the modified glass platen with a 10 cone (Fig. 1) . Details of the design and experimental procedures are given by Huang (17) . The modified glass platen consists of a cylindrical glass tubing section sitting on a quartz plate. The inner diameter of the glass tubing was polished to a specific dimension (Optical Instrument Laboratory, Houston, TX) so that the shear rate experienced by the platelets in the suspension is the same in the cone-plate and annulus regions. Control samples and aggregated samples were taken from the injection port at 60-s intervals using multiplex microcapilliary pipettes (PGC Scientifics, Gaithersburg, Maryland). The desired dose of ADP was determined to be about 0.25 ,LM in final concentration by a trial and error technique. The desired concentration of ADP was defined to be that which gives extensive aggregation in 60 s and extensive reversal of the aggregation at 120 s (see Fig.  2 ).
The inset in Fig. 3 gives the light transmission signal schematically for a typical experiment. At time 0, point A in the figure, a low dosage of ADP was added to the platelet suspension in the viscometer. During the time interval A to B, typically about 60 s, the suspension aggregated as indicated by the increase in transmitted light. Subsequently, the suspension began disaggregation as indicated by the decrease in transmitted light after point B. Point B represents the initial condition (zero time) for the disaggregation process studied in this work. A sample of the suspension taken at this time was analyzed for particle size distribution and designated as the initial distribution. Subsequently, samples were taken (at point C for example) and designated as the final condition after various stages of the disaggregation process. The steps in the procedure are given below as follows.
1. Platelet suspensions were subjected to a uniform shear rate of 450 s-(about 7 dynes/cm2) in the cone-plate viscometer using the glass platen. 2. At time 0, ADP was added to the platelet suspension. 3. At 60 s, 60 ,ul of aggregated sample was drawn into 80 ml of glutaraldehyde-isoton solution (0.25% w/v). At this time, the maximum extent of aggregation existed as judged by monitoring of optical density.
4. At 120 s, another 60 ,ul of aggregated sample was drawn into 80 ml of glutaraldehyde-isoton solution (0.25% w/v). At this time, substantial disaggregation had occurred as judged by monitoring of optical density.
5. The particle size distributions were determined with the Coulter Multisizer.
6. The particle size distribution obtained at 60 s was used as initial condition in the simulation program to generate the particle size distribution at 120 s. Parameter search methods as described in Part I (1) were used to get the "best" agreement between observed and calculated size distributions. Fig. 2 Sensitivity studies and simplified model Sensitivity studies were carried out in a manner analogous to those described previously (1) . The results showed that, for the disaggregation experiments, the calculated values of the collision efficiency are several orders of magnitude lower than calculated for shear-induced platelet aggregation. This finding shows that the aggregation terms are not important in the analysis of this particular disaggregation process. Results from other parameter sensitivity analyses (to be discussed later) also showed that the erosion mechanism of particle breakup is not important in studying these processes. These findings show that attention may be confined to breakage by the splitting mechanism. Thus, for the modeling of the 
RESULTS

Experimental results
Basic comparison of calculated and experimental results
Before discussing the results, we will review the principal parameters associated with the problem. (ha is the maximum void fraction in the void fraction expression (defined in Eqs. 2 and 3 below). It serves to inflate the collision diameter of the platelet aggregates to account for their irregular (nonspherical) shape. k, and m are breakage rate coefficient and exponent, respectively (defined in Eq. 4 below). -y is the average number of daughter fragments resulting from splitting of an aggregate. k is the erosion rate coefficient (defined in Eq. D of the accompanying article (Part I) (1) ).
Calculations to assess the importance of the erosion mechanism were carried out by use of an augmented version of Eq. 1. Equation 1 is based on only splitting breakage mechanism. It was augmented by addition of the erosion mechanism terms: Equations A and C from the Appendix ofthe first paper (Part I) of this set (1). Fig. 3 (10 < x < 100). The model correctly predicts the trends including the shifting of the aggregate peaks. However, the model grossly underestimates the number of singlets and overestimates the numbers of both fragments (x < 1) and small aggregates (2 < x < 10).
Forms of the void fraction expression
The overestimation of the presence of subplatelet-sized particles (x < 1) from the model can partially be explained from the studies on the parameter sensitivity of Oa, kl, 'y, and m.
Yet, it cannot explain why the model has grossly overesti- 6, +(x) was given by Eq. 3, whereas the results of Fig. 3 and elsewhere in this work used the form of Eq. 2. , it can be seen that the linear form of +(x) gave a better fit in the small particle size range (x < 1). The linear form also gave good agreement in the large particle size range (x > 20). Nevertheless, the problem of overestimating the small aggregates (2 < x < 10) remained, and the overall agreement with experiment was not improved by use of the continuous form, Eq. 3.
the left. The changes result in the accumulation of aggregates in the particle size range of 2 to 10. The model correctly predicts the breakage of large aggregates to form small and intermediate aggregates. Unfortunately, the model also predicts the breakage of singlets to form debris smaller than single platelets (x < 1) and fails to predict sufficientbreakage of small aggregates in size range of 2 < x < 20. Comparison with experimental distributions suggests that an improved form of the breakage rate should predict more breakup of small aggregates (4 < x < 10), and much less breakup of singlets and doublets. These needs and physical reasoning suggest a discontinuous form of the breakage kernel.
Replacing the continuous form of g(x) defined in Eq. 4 (4) with a discontinuous formulation defined by Eq. 5 (Eq. 24 in Huang and Hellums (1)) Forms of the breakage rate expressions The mathematical form of the breakage rate, g(x), defined by Eq. 4 (Eq. 22 in Huang and Hellums (1)) was examined. Fig.  7 gives calculated particle size distributions as a function of dimensionless time, T, using the continuous breakage rate, Eq. 4. The model predicts the breakage of large aggregates to give assorted daughter fragments including singlets and small aggregates, and shifting of the large aggregate peak to g(X) = k{ 1 ¢t)ms for x>xss } t 0, for x s xssJ (5) improved the fit, especially between x = 2 and x = 20. In the discontinuous form of g(x), the breakage rate is zero for particle sizes less than a dimensionless maximum stable size, x., = 1.5. Overall, the improvement reduces the objective function by 50 to 60%. Fig. 8 (discontinuous g(x) ) gives a particle size distribution versus time for the same case as Fig.  7 (continuous g(x) ). Using the discontinuous breakage rate, the model predicts the sequential breakdown of large aggregates to intermediate and small aggregates. Furthermore, the model predicts the breakage of small aggregates (x > 1.5) to form singlets and relatively few smaller particles. Fig. 9 gives comparisons between calculated and experimentally observed volume density distributions using the discontinuous breakage rate expression. Error bars which The mean values of the population parameters are summarized in Table 1 For the experimental conditions studied, it was determined that the particle size distributions and population balance parameters were virtually independent of the collision efficiency parameter. This finding was corroborated in the parameter sensitivity studies. The finding yields the conclusion that disaggregation processes (not aggregation) dominate in the experimental conditions studied, and results in an important simplification of the PBE. Another major simplification of the PBE followed from sensitivity studies on the mechanism of disaggregation: the particle splitting mechanism was found to be of dominant importance. Thus, the surface erosion mechanism with its considerable complication can be neglected without significant impact on results.
A simple step function form of the void fraction parameter (Eq. 2) was found to be at least as successful as a more complicated, continuous function (Eq. 3).
Exploratory calculation revealed that a discontinuous form of the breakage rate expression (Eq. 5), which incorporates a minimum friable particle size, gives significantly better results than a continuous expression, Eq. 4. This finding is consistent with the notion that single platelets are the smallest particles expected. The computed particle size distributions agree well qualitatively and in most cases agree quantitatively with experimental observations. The model correctly predicts the shifting of the curves and the area beneath the curves. The agreement is best in the large size range, since the objective function chosen gives weight to the deviations in proportion to particle volumes.
In conclusion, aggregation agents, temperature, shear history, and shear rate are among the factors which influence platelet aggregation and disaggregation. This study has provided information on how shear forces influence platelet aggregation and disaggregation. The 
